finished with a final annealing period at 72 °C for 7 min. Following PCR reactions, aliquots of amplicons (10 µl) were analyzed by electrophoresis on agarose gels containing ethidium bromide. Sizes of amplification products were compared with a 100 bp molecular weight marker (Fermentas, St. Leon-Rot, Germany); identity of the amplicons was verified by sequencing (MWG Biotech, Ebersberg, Germany). For mouse PCR genotyping tail DNA extraction was performed as described recently (Meyer et al., 2012) . Genotyping primers were the following: TPC1: 5`-TCA GCT GCC TGT GAG CCA GAG-3´ (forward), 5`-GGA GCT CAC CTG GTT GTG CCA TA-3 (reverse). The expected DNA product size for the wild-type was 390 bp. TPC1 knockout: 5´-TCA GCT GCC TGT GAG CCA GAG-3´ (forward) 5´-CCA TGC CTT TGA TCC CAA CAA-3´ [reverse] . The expected size of amplification product was 290 bp. PCR was performed with the following conditions: 2.5 µl 10 x PCR-buffer, 0.8 mM dNTPs, 0.125 µl Taq DNA polymerase, 4 pmol of each primer and 1 µl of isolated genomic tail DNA were mixed in a total amplification volume of 25 µl. PCR reactions were preheated at 94 °C for 5 min; PCR conditions consisted of 30 cycles denaturation at 94 °C for 1 min, annealing at 61 °C for 1 min and elongation at 72 °C for 1 min followed by an extra extension step of 10 min at 72 °C.
Sperm preparation
Sperm from adult mice and rats from sexually mature animals were isolated as described recently (Ackermann et al., 2009) . Briefly, caudal epididymis were excised, freed of fat and transferred to small dishes containing pre-warmed (37 °C) HS buffer (30 mM HEPES, 135 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 10 mM glucose, 10 mM lactic acid, and 1 mM pyruvic acid, pH 7.4). To obtain capacitated spermatozoa for functional assays, caudae epididymides were transferred to HS buffer supplemented with 0.5 % BSA and 15 mM NaHCO 3 (capacitation buffer) and incised several times with a scalpel to allow motile sperm to exude into the medium. After a "swim out" period of 90 min at 37 °C and 5 % CO 2 , dispersed sperm suspension was collected by centrifugation (5 min, 400 g, RT), and either resuspended in modified Krebs Ringer bicarbonate buffer (KRB) (5.6 mM glucose, 0.55 mM sodium-pyruvate, 25 mM Na 2 HCO 3 , 53 mM sodium-lactate, 99.6 mM NaCl, 4.8 mM KCl, 1.2 mM K 2 HPO 4 , 1.2 mM MgSO 4 ; pH 7.4) and immediately used for functional acrosome reaction assays, or washed twice with PBS and used to isolate membrane for Western blot analyses. Western blot experiments performed with membrane fractions of ejaculated human semen samples from young healthy donors where carried out as described recently (Meyer et al., 2012) .
Single Cell Calcium Imaging
To determine changes in intracellular calcium concentrations in the sperm head, mouse spermatozoa were isolated as described above and incubated in HS buffer supplemented with 0.5 % BSA and 15 mM NaHCO 3 (capacitation buffer) for 60 min. Subsequently, cells were centrifuged at 400 g for 5 min at RT and washed twice with HS/NaHCO 3 . Cells were resuspended in 1 ml HS/NaHCO 3 containing Pluronic (0.003 % final concentration) and 10 µM Fluo8-AM and then incubated for 30 min at RT. After two washes with HS/NaHCO 3 and centrifugation at 400 g for 5 min, cells were resuspended in HS/NaHCO 3 and incubated for 30 min at RT to allow de-esterification of the fluorescence dye before starting the measurement. Sperm cells were then adhered to coverslips coated with laminin (50 µg/ml in PBS) and poly-L-ornithine (0.01 % in H 2 O) for 1 min, and subsequently washed twice with HS/NaHCO 3 to eliminate non-adherent cells. Fluorimetric determination of changes in light intensity (excitation 485 nm/emission 520 nm) in the sperm head was monitored over time using a Polychrome V monochromator (Till-Photonics, Gräfelfing, Germany) and an Andor charge-coupled device camera coupled to an inverted microscope (IX71, Olympus, Hamburg, Germany). For a typical time course experiment, basal Ca 2+ was initially determined, taking 15 pictures with a 2 sec interval. Thereafter, cells were either treated with buffer used as a negative control to follow application artifacts, or HS/NaHCO 3 containing different stimuli. Changes in fluorescence intensity were determined for about 240 sec before cell viability was verified adding 5 µM of the calcium ionophore ionomycin. Only cells showing a robust response to ionomycin were included into the calculations. Changes in fluorescence for every time point of the experiment were determined calculating the quotient of fluorescence signals registered upon stimuli application to basal fluorescence intensity (100 %).
Membrane preparation, isolation of Triton X-100 insoluble membrane fractions and WesternBlot analyses Membrane enriched and cytosolic fractions of mouse kidney, testes and intact epididymis not depleted from sperm were prepared as described recently (Ackermann et al., 2008) . Briefly, freshly dissected tissue was transferred to ice-cold hypotonic TME-buffer (10 mM Tris, 2 mM MgCl 2 , 3 mM EGTA, protease inhibitor cocktail, pH 7.4) and lysed by homogenization and sonication (30 sec, 48C, Model 7100, MSE, London, UK). To separate cell nuclei and intact organelles, homogenate was centrifuged two times for 10 min at 2,500 g and 4 °C (Biofuge Stratus-Heraeus). The pooled supernatants (S 1 ) were subsequently centrifuged for 1 h at 100,000 g and 4°C in a Ti50 fixed angle rotor (Beckman Coulter), and the resulting supernatants containing cytosolic proteins (S 2 ) as well as the pellet presenting the membrane fraction (P 2 ) were stored in TME-diluted aliquots (2 mg/ml) at -70 °C. Protein concentrations were measured by the Bradford method (Bradford, 1976) . For fractionation of epididymal rat and mouse sperm, cells were treated in the same way than described for the different tissues, except that TME-buffer was supplemented with 0.25 % NP-40. Glycolipid-enriched raft membrane subdomains were isolated from capacitated rat sperm as described previously (Travis et al., 2001; Ackermann et al., 2008) . Briefly, motile epididymal rat spermatozoa were transferred to 100 mM Tris-HCl, pH 8.0, 300 mM sucrose, pH 7.4, Complete proteinase inhibitor cocktail (Roche), lysed by homogenization and sonication (2 min, 4 °C) and stored at -80°C. Detergent-resistant membranes (DRMs) of thawed spermatozoa were subsequently enriched by fractional centrifugation. To first separate cell nuclei and intact organelles from soluble and membrane proteins, homogenized germ cells were centrifuged for 10 min at 10,000 g. The pooled supernatants containing the DRMs were subsequently centrifuged for 2 h at 100,000 g (Ti50 rotor, Beckman Coulter), and the resulting pellet (P 100 ) extracted for 30 min at 4 °C with ice-cold PBS supplemented with 1.5 % Triton X-100. After an additional centrifugation step for 2 h at 50,000 g, Triton X-100 soluble fractions (S Tx ) were separated from the detergent insoluble membrane fractions in the pellet (P Tx ). Protein concentration in the obtained three fractions was determined according to Bradford (Bradford, 1976) , using corresponding Triton X-100 dilutions as blank samples. To determine TPC1 positive fractions equivalent amounts of the total membrane starting material (P100), as well as the detergent insoluble (P T x) and soluble fractions (S T x) were separated by SDS-PAGE and analyzed by Western blot analysis as described previously (Ackermann et al., 2008) . Therefore, protein of each fraction diluted with 5 x sample buffer (625 mM Tris/HCl, pH 6.8, 50 % glycerol, 5 % SDS, 7.5 mM dithiothreitol, 0.05 % bromphenol blue), was boiled for 5 min, separated by SDS-PAGE, transferred to nitrocellulose using a semidry blotting system and stained with Ponceau S to ensure equal protein loading of each reaction. After blocking non-specific binding sites on the nitrocellulose sheets with 5 % powdered non-fat milk in 10 mM Tris/HCl, pH 8.0, 150 mM NaCl and 0.05 % Tween 20 (TBST), blots were incubated overnight at 4 °C with specific primary antibodies diluted in TBST supplemented with 3 % powdered milk. After three washing steps with TBST, a horseradishperoxidase-conjugated secondary antibody, diluted in TBST containing 3 % non-fat milk powder, respectively, was applied for 1 h at RT. Excess antibody was then removed by three washing steps with TBST, and subsequently the ECL-system (100 mM Tris-HCl, 2.5 mM luminol, 0.4 mM p-coumaric acid; pH 8.5, and 100 mM Tris-HCl, 18 μM H 2 O 2 ; pH 8.5) (1:1, v/v) was used to visualize bound antibodies. Chemoluminescence was detected using an automated chemiluminescence system (Peqlab, Erlangen, Germany). For proteins which specifically partition into the DRM fraction, the raft marker caveolin-1 (Anderson, 1998) was used. To ensure equal protein loading on SDS PAGEs analyzing tissue of wild-type and TPC1 null animals, fractionated protein of the same tissue preparation was separated on 12 % SDS PAGES and also probed with the anti-caveolin-1 antibody. To assess whether NAADP in uncapacitated spermatozoa is able to drive acrosome reaction, permeabilized sperm, isolated in HS buffer without NaHCO 3 and BSA, were incubated for 30 min at 37 °C in KRB/SLO buffer. Samples were stimulated with one of the three NAADP concentrations which in capacitated sperm were observed to induce maximal acrosomal exocytosis rates (s. Figure 5A and B). To verify that sperm of each preparation are indeed able to undergo acrosomal secretion, two positive controls were included in which spermatozoa were incubated for 30 min in KRB-buffer supplemented with 10 mM CaCl 2 or CaCl 2 together with 10 µM of the Ca 2+ ionophor A23187, respectively. Note that none of the three NAADP doses in uncapacitated sperm increased the proportion of acrosome reacted sperm, whereas a stimulation with Ca 2+ and Ca 2+ together with A23187 significantly elevated acrosome reaction rates compared to samples incubated in control buffer. Capacitated but non-permeabilized spermatozoa were incubated for 30 min at 37 °C in KRB buffer or KRB buffer supplemented with NAADP concentrations, which in the performed dose-response relationships studies were observed to elicit maximal secretion rates ( Figure  5A and B). Note that an increase in Ca
2+
, either upon application of 10 mM CaCl 2 or by the addition of CaCl 2 together with the Ca 2+ ionophore A23187 (10 µM) led to a significant increase in the incidence of exocytosis, whereas none of the added NAADP concentrations elevated secretion rates. Data presented as percentage of acrosome reacted-sperm are the mean values ± SEM of 4 independent experiments of different mouse sperm preparations. Obtained data were subjected to a Student's t-test for determination of significant , and subsequently subjected to fluorescence microscopy. Photomicrographs illustrate that TPC1 null sperm possess a normally formed flagellum and do not exhibit obvious structural defects in the acrosome compared to wild-type sperm. Moreover, it was found that NAADP binding sites visualized by the fluorescence dye transNed-19 were obviously not changed upon TPC1 deletion, concerning their localization and signal intensity. Presented fluorescence micrographs are representative images of age-matched TPC1 knockout and wild-type males. Identical illumination intensity and camera settings were applied. Figure S4 . Determination of the effect of the selective NAADP antagonist trans-Ned-19 on acrosome reaction.
[A] Effect of 100 µM trans-Ned-19 on NAADP-induced acrosome reaction. To assess the impact of high trans-Ned-19 concentrations on NAADP-induced acrosome reaction, capacitated and permeabilized sperm were stimulated either with NAADP doses found to elicit maximal acrosomal secretion rates (50 nM, 1 µM, 50 µM) or NAADP together with 100 µM trans- . Note that high trans-Ned-19 doses did not antagonize responsiveness induced by the three NAADP concentrations but, albeit not significant, slightly increased acrosomal secretion rates. Results are presented as mean values ± SEM, normalized by subtracting the number of reacted spermatozoa incubated in KRB/SLO buffer only (negative control) and expressed as percentage of maximal acrosome reaction rates induced upon application of 10 mM CaCl 2 (n = 6). Statistical significance was calculated comparing samples stimulated with one of the three NAADP doses alone with probes incubated with NAADP together with trans-Ned-19. Statistical analysis was done using a paired Student's t-test (n.s.: not significant).
[B] Effect of trans-Ned-19 on intracellular calcium concentrations in spermatozoa. To determine the effect of trans-Ned-19 on intracellular Ca 2+ concentrations, capacitated sperm (C57BL/6) were loaded with the calcium fluorescent dye Fluo8-AM (10 µM). Subsequently fluorescence intensity was determined at the excitation wavelength of Fluo8-AM (485 nm) using an YFP filter and a microscope based imaging system. After taking a baseline to determine the fluorescence in the head region of resting sperm, different concentrations of trans-Ned-19 (50 µM, 100 µM) or control buffer were added, and fluorescence emission was determined for an additional period of 200 sec. Finally cell viability was confirmed by adding 5 µM of the cation ionophore ionomycin. Note that the addition of buffer or 50 µM trans-Ned-19 barely evoked any changes in Fluo8 fluorescence, whereas 100 µM transNed-19 induced a clear, transient increase in intracellular Ca 2+ concentration, [Ca 2+ ] i . Fluorescence intensity, measured every 2 sec, was calculated as ratio to basal Fluo8 emission (F 0 , 100%). Presented data show mean values ± SEM of 3 different sperm preparations (total number of analzyed sperm: 14 -27 cells/animal). Figure S6 . TPC1 associates with Triton X-100-resistant membrane microdomains isolated from rat spermatozoa. Rat sperm membranes (P 100 ) were extracted with 1.5 % Triton X-100 for 30 min at 4 °C. Subsequently, lysates were separated by centrifugation (2 h, 50,000g), thus yielding in a detergentsoluble (S TX ) and Triton X-100 insoluble membrane fraction (P TX ). Following protein determination, equal amounts of protein from each fraction were subjected to Western blot analysis for TPC1 (top panel), IP 3 -R (middle panel) and caveolin-1 (bottom panel). Note that the bulk of TPC1 and IP 3 -R comigrated with caveolin-1 in the Triton X-100 insoluble pellet (P TX ). Representative Western blots of three experiments from two independent rat tissue preparations are shown.
